For the past fifteen years we have studied the secondary metabolites of extremophilic fungi from the Berkeley Pit, an abandoned acid mine waste lake. Fungi associated with an acid-tolerant alga have also been harvested from the Pit. Penicillium clavigerum Demelius was isolated from the green alga Chlorella vulgaris Beyerinck [Beijerinck]. In culture it produced the known compounds phomfuranone (1), patulin (2), dimethylphthalides (3) and (4), phomopsolide A (5), phomopsolide C (6), phomopsolide B (7), phomopsolide E (8), phomopsolide F (9), and phompyrone (10) and the new compound berkbenzofuran thioester (11). Compounds 5 and 6 were potent inhibitors (IC 50 < 10 µM) of specific and established human cancer cell lines.
Berkeley Pit Lake, an abandoned open-pit copper mine, is part of the largest EPA Superfund site in North America [1] . In the early stages of our investigation of acid mine waste extremophilic microbes from this site, filamentous fungi, yeasts and bacteria were isolated from water samples collected from the surface to a depth of 270 m and from the basal sediments. Several of these organisms have been grown in culture and have yielded interesting, biologically active secondary metabolites.
Autotrophic and heterotrophic protists have also been isolated from the Berkeley Pit [2] . We are currently studying fungi associated with planktonic acid tolerant algae growing in the Pit water. The green alga Chlorella vulgaris Beyerinck [Beijerinck] [2] was consistently associated with a fungus identified as Penicillium clavigerum Demelius by 28S rRNA sequence comparison (321 base pairs). The chloroform extract of this fungus grown in potato dextrose broth inhibited the signal transducing enzymes matrix metalloproteinase-3 (MMP-3) and caspase-1 [3] [4] [5] . MMP-3 is up-regulated in many tumors [6] [7] and can induce epithelial-mesenchymal transition (EMT) and malignant transformation in cultured cells [8, 9] . MMP inhibitors represent a new therapeutic approach to the treatment of cancers. They block the activity of proteolytic enzymes (matrix metalloproteinases) used by tumor cells to promote metastatic spread. Recent studies show that MMP inhibitors might also halt tumor progression and could be used as low toxicity complements to cytotoxic therapies [10] [11] . MMPs are also implicated in the occurrence of rheumatoid arthritis and multiple sclerosis [10] .
MMP-3 inhibitory activity was used to guide compound isolation in this study
Once the MMP-3 active metabolites were isolated and purified, 1 H NMR spectra of inactive or weakly inhibitory column fractions were examined to identify related analogues. NMR guided fractionation was used to direct isolation of these related metabolites. The fungus was grown in potato dextrose broth (7 days shaken/21 days still) [12] . At harvest time the mycelium was removed by vacuum filtration and the broth was extracted with CHCl 3 . Flash silica gel column chromatography of the CHCl 3 extract followed by HPLC yielded the known compounds phomfuranone (1) [12] , patulin (2) [13], dimethylphthalides (3) and (4) [14] , phomopsolide A (5) [12, 15] , phomopsolide B (7) [12, 15] , phomopsolide C (6) [12] and phomopsolide E (8) [12] . The structures of these compounds were established by comparison of NMR and mass spectra with those of the known compounds [12] [13] [14] [15] . The chloroform extract also contained phomopsolide F (9), phompyrone (10), and berkbenzofuran thioester (11) . Compounds 5 and 7 were originally isolated from Phomopsis oblonga [15] and compounds 1 and 5-8 were previously reported by our lab from a Penicillium sp. isolated from the inner bark of a Northwest Pacific yew tree [12] .
The HRESIMS of 9 yielded an [M+H] + ion of 313.1308, which established the molecular formula as C 15 H 20 O 7 with six degrees of unsaturation. The NMR spectra of 9 were similar to those of phomopsolide E (8), with the 2H-pyrone ring, the 2-hydroxypropanone terminus (C-8 -C-10) and the tiglic ester side chain NPC Natural Product Communications 2014 Vol. 9 No. 1 87 -90 (C-1 ′ -C-5 ′ ) apparently intact [12] . Comparison of the 1 H NMR and mass spectral data suggested that 9 had an additional hydroxy group. Methylene C-6 in 8 was replaced by methine C-6 in compound 9 (δ C 61.5; δ H 4.50), which indicated the position of the hydroxy group. The 1 H-1 H COSY spectrum provided connectivity data for the pyrone ring backbone, from olefinic H-2 through methine H-5. H-5 (δ H 4.56, m) was further coupled to oxygen bearing methine H-6 (δ H 4.50, m), which was further coupled to methylene H 2 -7 (δ H 2.75, m). This established the structure of 9 as phomopsolide F as shown. Compound 9 has not been published but was reported in a patent database without accompanying spectral data [16] .
Compound 10 had a molecular formula of C 10 H 10 O 4 , which was established by the HRESIMS [M+H] + ion (195.0691). The 1 H NMR spectrum had similarities to those of the other phomopsolides but lacked the resonances associated with the tiglic ester side chain and the two oxygen-bearing methines H-4 and H-5. The 1 H-1 H COSY spectrum showed typical phomopsolide coupling between olefins H-2 (δ H 6.41) and H-3 (δ H 7.36). H-3 was further coupled to olefin H-4 (δ H 6.42), which generated an α,β,γ,δ-unsaturated pyrone.
The 1 H NMR spectrum indicated that the side chain was similar to that of 6. The NMR and mass spectral data of compound 10 were virtually identical to those of a compound previously reported by Grove as an artifact, although the two compounds have opposite optical rotations and are therefore enantiomers [15] . Grove reported that the (-)-enantiomer was not evident in a TLC analysis of the crude chloroform extract of Phomopsis oblonga [15] . It formed only after phomopsolide B was chromatographed on silica gel using chloroform as a solvent. In our hands however, 10 could be detected by TLC analysis of the crude chloroform extract. We also extracted the fungal culture with methylene chloride and could confirm the presence of 10 by TLC analysis. could only be correlated to the carbonyl absorbance of 1637 cm -1 in the infrared spectrum, an unusually low frequency for an ester or ketone. It is, however, acceptable for an aromatic thioester hydrogen-bonded to an ortho-hydroxy group [17] [18] [19] [20] . Methyl singlet H 3 -12 (δ H 2.44) showed a strong HMBC correlation to the carbonyl C-11. Examination of these data and comparison of the NMR spectra of 11 with those of the Streptomyces sp. metabolites resorthiomycin [17] and S-methyl 2,4-dihydroxy-6-isopropyl-3,5dimethylbenzothioate [18] , and of the Mortierella vinacea metabolite mortivinacin A [20] , supported the assignment of the methyl thioester moiety.
The thioester moiety and aromatic ring accommodated five of the six sites of unsaturation. These features and the remaining three methyl singlets accounted for eleven of the fourteen carbons. Incorporation of the OCHCH 2 moiety generated a dihydrobenzofuran skeleton that was supported by HMBC correlations (Figure 2 ). Consideration of key HMBC correlations gave the structure of compound 11 as berkbenzofuran thioester (Figure 1 ). Compound 11 formed the monoacetate 12 following acetylation. HMBC correlations for 12 also supported the structure as shown. Several of the compounds were evaluated as MMP-3 inhibitors. Although 5 was slightly more active than its analogues, all of the phomopsolides were weak inhibitors with IC 50 >150μM. Compounds 1 and 2 were also weak inhibitors with IC 50 >100 μM.
The phomopsolides were sent to Memorial Sloan-Kettering Cancer Center for evaluation as antiproliferative agents against selected and established cancer cell lines. Human cell lines included cervical adenocarcinoma HeLa S3; bladder transitional cell carcinoma UM-UC-3; alveolar adenocarcinoma A549; lung adenocarcinoma H2030; non-small cell lung carcinoma H3255; and retinoblastoma Y79. MSKCC did not test all compounds against all cell lines, as shown in Table 2 . Compounds were tested using two different protocols: the Alamar Blue Viability Assay [21, 22] and the Nuclei Count Proliferation Assay (NCPA) [22] . The potency of the compounds in the NCPA was evaluated by imaging Hoechst stained nuclei using automated microscopy and automated image analysis to quantify nuclei [23] .
Only compounds with IC 50 < 10 µM are considered to be active. The two most potent compounds were phomopsolide C (6) and A (5) . It is interesting to note that both of these compounds include the tiglic acid side chain, while phompyrone, which lacks the side chain, is inactive against all cell lines at these concentrations. Active compounds 5 and 6 are the only two compounds that have both a Δ 6 olefin and a keto group at C-9. The E-isomer 6 is more potent than Z-isomer 5. 
Collection, extraction, and isolation procedures: The green alga
Chlorella vulgaris was isolated in culture as part of a comprehensive study of acid and metal tolerant heterotrophs. A surface sterilized fragment (70% ethanol) of C. vulgaris was transferred to acidified potato dextrose agar (PDB) and incubated at room temperature. After 2 days, fungal colonies appeared and were serially transferred to fresh PDB agar plates until the fungal cultures were pure. All algae in this study were derived from enrichment cultures of double strength Bold Basal Medium. Enrichments were inoculated from photic zone waters, shoreline sediments, driftwood, plankton tows and filtered photic zone water, and subsequently incubated in Percival 36LLLL Environmental Chambers at 100 µmol/m 2 s 2 full spectrum fluorescent light at 10⁰C and 20⁰C.
The fungus was identified as Penicillium clavigerum Demelius by Microbial Identification, Inc. The fungus was grown in 14 x 300 mL of DIFCO  potato dextrose broth in 500 mL Erlenmeyer flasks (shaken 180 rpm for 7 days, then still for 21 days). At harvest time, 20 mL of MeOH was added to each flask and the culture was filtered through cheesecloth to remove the mycelial mat. The filtrate was extracted 3 times with 1L of CHCl 3 , and the extract was reduced in vacuo to yield an oil (1.1012 g). This extract was chromatographed in a gradient mode on a flash Sigel column with hexanes to which increasing amounts of isopropyl alcohol were added. The column was washed with pure isopropyl alcohol and finally with MeOH. The fraction that eluted with 5% isopropyl alcohol/hexanes was further purified by semi-preparative Sigel HPLC using isopropyl alcohol/hexanes mixtures to give the known furanone (1, 1.3 mg), patulin (2, 40 mg), dimethylphthalides (3, 166 mg) and (4, 4.5 mg), phomopsolide A (5, 57 mg), phomopsolide C (6, 18 mg), phomopsolide B (7, 67 mg), and phomopsolide E (8, 42 mg), and the new compounds phomopsolide F (9, 15.6 mg), phompyrone (10, 3.0 mg) and berkbenzofuranthioester (11, 2.1 mg).
Phomopsolide E (8): Compound 8 was originally named 6,7dihydrophomopsolide A [12] , but has since been renamed phomopsolide E [24] and we have adopted that convention. 
Signal transduction assays: Signal transduction Drug Discovery
Kits for caspase-1, caspase-3, and MMP-3 enzymes were purchased from Enzo Life Sciences. The positive controls (enzyme inhibitors) used in these assays are Ac-YVAD-CHO for the caspase-1 assay, Ac-DEVD-CHO for the caspase-3 assay, and N-isobutyl-N-(4methoxyphenylsulfonyl)-glycylhydroxamic acid (NNGH) for the MMP-3 assay.
Dose response studies of the phomopsolide compounds:
Dose response of the compounds was assessed in duplicate, as previously described [21, 22] . Twelve-point doubling dilutions of each compound in 10% DMSO (v/v) were prepared in an intermediate 384-well poly-propylene plate (Thermo Scientific) to achieve a final upper limit concentration of 1 and 10 μM in 1% DMSO (v/v). Five µL of each dilution was transferred to 384-well assay microtiter plates (Corning #3712; Corning Inc.) with a PP-384-MM Personal Pipettor equipped with a custom 384 head (Apricot Designs). Cells were seeded in 45 µL suspensions with a Multidrop dispenser (Thermo Scientific) to each well which contained 5 μL compound dilution. The final concentrations of each compound were 12-point doubling dilutions with 1 and 10 μM as the highest concentration in 1% DMSO (v/v). Cell seeding densities were 1,000 cells per well for all cell lines tested. Assay plates were incubated in the Steri-Cult automated incubator (Thermo Fisher Scientific) under controlled humidity at 37ºC and 5% CO 2 . After an incubation of 72 h, 5 µL of Alamar Blue was dispensed with a FlexDrop precision dispenser (Perkin Elmer). After an additional incubation of 24 h, the fluorescence signal was measured on the LEADseeker™ Multimodality Imaging System (GE Healthcare). Cells were then fixed in 4% paraformaldehyde (w/v) for 20 min, followed by nuclei staining in a solution containing 1 µM Hoechst and 0.05% Triton X-100 (v/v) for 15 min. Cells were washed twice in PBS and assay plates stored at 4ºC until imaging. Cell fixation and staining was performed using the ELx405 automated washer (Biotek, VT).
Data analysis & IC 50 determinations:
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(v/v) (low control) were present in each plate and were used to calculate the percentage inhibition for each compound at each concentration. High controls give the high signal values corresponding to the maximal growth (100% growth) and low controls give the low signal values corresponding to the maximal killing (100% killing). For each compound, the signal inhibition was expressed as a percentage compared with high and low controls located on the same plate, as defined as % Inhibition = (high control average -read value)/(high control average -low control average) × 100. Dose -response curves of duplicate sets were fitted by the logistic four-parameter equation of SigmaPlot (Systat Software Inc.). The average of two IC 50 values was reported for each compound.
